Abstract-We have developed a new approach for studying the generation of ventricular ectopic beats (VEB's). Our approach is based on the hypothesis that VEB's are often generated by a mechanism (VEB mechanism) which is stable over time, but whose activity is modulated by a variety of physiologic influences. The hypothesis suggests that VEB generation should be predictable and should be related to other physiologic parameters. Furthermore, the relationship should be reproducible under similar conditions. In order to pursue this hypothesis, we developed a new analytic approach which represents VEB generation with a conditional probability distribution. The distribution gives the probability that the next beat is a VEB, given information about the preceding beats. Using this approach on a database of half-hour ECG tapes, we show that VEB generation is usually related to the preceding beat type and timing, and that this relationship is often reproducible over time. We conclude that, in a given patient, VEB generation often shows consistent patterns which might serve as a potentially valuable characterization of the patient's VEB mechanism.
INTRODUCTION
common manifestation of heart disease is the pres-A ence of beats which originate in the ventricles instead of the normal pacemaker of the heart. These beats, referred to as VEB's, can occur in a variety of patterns, including isolated VEB's, couplets, and ventricular tachycardia (see Fig. 1 ). Although VEB's can sometimes occur in apparently healthy individuals, the presence and number of VEB's is usually related to the severity of the underlying heart disease. The importance of VEB's stems from their possible association with ventricular fibrillation and sudden cardiac death [l] .
Clinically, it is standard to assess ventricular ectopic activity (VEA) with long-term ECG recordings [2] , and to report the results as hourly counts of VEB's, couplets, and ventricular tachycardia. The clinical significance of the VEA is usually related to the mean hourly counts. For example, in a population of patients who have survived a myocardial infarction, VEB rates I 3-10 VEB's/h more than double the risk of two-year mortality [3] , [4].
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IEEE Log Number 8820915. tality, for any given patient the actual significance of the hourly counts is difficult to determine. Furthermore, the high "spontaneous" variability of hourly counts makes it difficult to tell whether changes in VEB generation are Our approach to VEA analysis was to begin with the hypothesis of a stable, deterministic VEB mechanism which would behave reproducibly under similar conditions. The hypothesis suggested that VEB generation should be related to other physiologic parameters such as heart rate and beat morphology. This seemed reasonable since neurohumoral factors which modulate the activity of the VEB mechanism also modulate the heart rate and the conduction of all the cardiac tissues. In addition, heart rate influences the VEB mechanism directly through the cycle-length dependence of cellular electrical properties [8]. By quantifying the relationship between VEB generation and changes in beat timing and morphology, we believed that we might obtain a useful characterization of the VEB mechanism.
There has already been clinical work relating beat timing to VEB generation. 
New Approach to the Problem
We developed a new method aimed at finding reproducible patterns in VEB generation. The method evolved from findings such as those shown in Fig. 2 . Multibeat recurring patterns suggested to us that the first few beats of a repeating sequence conditioned the heart in a way which favored the generation of the subsequent beats. Such findings led us to represent VEB generation with a conditional distribution which gave the probability for the outcome of next beat as a function of the characteristics 1) Past beats condition future activity of the heart and VEB mechanism in a way which depends on the type and timing of the past beats. The effect of the conditioning will be detectable when its magnitude is significant in comparison to other unmeasured physiologic influences which modulate the activity of the heart.
2) In a patient with an anatomically stable VEB mechanism, the effect of the conditioning should be reproducible over time and should therefore yield VEA patterns which are consistent over time.
These hypotheses formed the basis for three studies. The first study (Nonrandomness of Beat Generation) examined hypothesis 1) and established that VEB generation is, in fact, related to the beat type and timing of previous beats. The second study (Examination of the Conditional Distributions) developed a means of representing VEB generation with two one-dimensional Conditional distributions. The distributions were useful for grouping the ECG data and for uncovering previously unnoticed VEA patterns. The third study (Reproducibility of the Conditional Distributions) tested hypothesis 2) and demonstrated that the conditional distributions often remained stable over time, thereby suggesting that the distributions captured essential characteristics of the underlying VEB mechanism.
METHODS

The Four-Beat Paradigm
The mathematical paradigm for the studies is shown in Fig. 3 . The ECG data was divided into four-beat overlapping sequences referred to as observations. The variables B, and RR, refer to the beat type and RR interval of the nth beat. The RR intervals were measured in seconds. For the purposes of this study, all beats were considered either normal ( B , = N ) or VEB ( B , = V). Beats which originated at or above the bundle of His were considered "normal" in the sense that they all had a normal ventricular activation pattern; all other beats were considered VEB's. Fusion beats were grouped with VEB's.
We wanted to know whether the outcome of the fourth beat B, of an observation was related to the preceding beat types Bn-3, Bn-2, B , -l and intervals RR,-2, RRnP1 in the observation. In formal terms, we wanted to examine the conditional distribution P ( B , I ~n -2 , W z -1 , B n -3 9 Bn-2, Bn-1) (1) and determine how it differed from the unconditioned distribution p ( B , ) . In principle, additional conditioning variables such as B, -and RR, -could have been used; however, as a first approach, we chose to restrict the length of the observation.
B, -3 , B, -2, B, -) was estimated from a half-hour of ECG data; a halfhour usually contained 2000-3000 observations. Since B, had only two possible outcomes, it was sufficient to examine the distribution for only one of them; we chose the case B, = V. For notational simplicity, a conditional distribution of the form p ( B , = V I ---) was denoted by
The distribution p ( B , I RR, -2, RR, -
P ( V I The Electrocardiographic Data
The first two studies were carried out using 66 tapes from the MIT-BIH and AHA databases [19] , [20] . Each one of the tapes is a half-hour excerpt from a long-term ambulatory ECG recording. All the beats in the databases are annotated for the beat type and time of occurrence, and represent the consensus of at least two cardiologists. All of the 66 tapes selected had a VEB rate of more than one per min.
We chose the MIT-BIH and AHA databases because the annotations were extremely reliable and would not constitute a source of "noise." This was considered important given the exploratory nature of the first two studies.
The third study was carried out using ten-hour sections from long-term ambulatory recordings taken from the Holter Tape Library of the Beth Israel Hospital. The ECG data was annotated by the arrhythmia analysis program ARISTOTLE [21] . Each of the ten-hour recordings was subdivided into 20 half-hour sections for analysis. The Three Studies I ) Nonrandomness of Beat Generation: In the first study, we tested the feasibility of the conditional distribution approach. We did this by determining how often
icantly from p ( V), the unconditioned probability of a VEB. For each of the 66 half-hour tapes, we calculated P ( V > as
and tested the null hypothesis ( H o ) that
If Ho was rejected, it meant that,VEB generation depended on the beat type and timing of the previous three beats. When this happened, we said that VEB generation was "nonrandom."
In order to facilitate the tests, we divided p ( V 1 RR, -2, RR, -1, Bn-3, B, -2, B, -into the distributions examined them independently. The null hypothesis was tested using the chi-square test with a p value of 0.005 as the cutoff for rejection.
In addition to testing p ( V I B, -3 , B, -2 , B, -) and p ( V 1 RR, -2, RR, -1), we also examined Ho for several distributions of the form P ( V ( Bn-3, B n -2 , Bn-1) a n d P ( v l RRn-2, R R n -1 ) and where f( RR, -2, RR, -) was a scalar function. The purpose was to see whether the dimensionality of the conditioning variables could be reduced without significantly decreasing the Ho rejection rate. We tested the three func- Equation (5a) was patterned after Bazett's formula for the corrected QT interval [22] , and gave a "prematurity" index for B,, -1 . Equation (5b) was chosen because it provided a normalized difference of changes in beat timing, and (5c) was chosen because its equal value contours represented an important pattern not covered by (5a) or (5b).
Ultimately, we selected (5a) to reduce RR, -2, RR,, -I .
2) Examination of the Conditional Distributions:
In the second study, we examined the details of the relationship between VEB generation and the past beat type and timing. To simplify the analysis, we further reduced the dimensionality of the conditioning variables by reducing B, -3 , B, -2, B,, -to the two outcomes B, -3 , B,, -2, B, -1 = NNN and Bn-3, B,-2, B n -] = -NNN. The " -" is used here as the complement sign. This was equivalent to reducing (1) to a pair of one-dimensional conditional distributions given by 
The distribution p ( V I x, N N N ) was estimated using only those observations for which B, In addition to the conditional distributions, we estimated the distributions for the x measures since it was useful to know how often the different timing conditions occurred. The distributions for the NNN and -NNN observations were denoted by p (x I NNN ) and p ( x 1 -N N N ) , respectively. All distributions were estimated using an adaptive smoothing algorithm and were estimated only at actual data points (see Appendix). In plotting, the estimated points were left unconnected to avoid spanning regions with no observed data.
We examined the conditional distributions to see if they could be used as a basis for classifying the VEA patterns into groups. We also used the conditional distributions to find relevant events in the ECG data. For some ranges of x, the level of p ( VI x , N N N ) o r p ( VI x, -N N N ) was substantially higher than p ( V 1 NNN ) and p ( V I -NNN ). Working backward to find the ECG data corresponding to those x measures, we were able to isolate the beat type and timing conditions associated with the highest likelihood of VEB generation.
3) Reproducibility of the Conditional Distributions: In the third study, we used the database of 10 ten-hour tapes to determine whether the shape of p ( V I x, N N N ) and p ( V 1 x, -A") was consistent over time. Reproducibility was considered important if the distributions were to serve as a characterization for the VEB mechanism.
We divided each ten-hour tape into 20 half-hour sections and estimated p ( V 1 x, NNN ) and p ( V 1 x, -NNN )
for each for the sections. The 20 distribution pairs were then put together on a three-dimensional graph which showed their evolution over time. All ten of the long-term tapes had a high-average VEB rate ( > 1-5 VEB's per min ) .
Reproducibility was assessed by judging whether the major features of the distributions remained the same over time. Initially, we used the Kolmogorov-Smirnoff test as a quantitative basis for the judgments; however, we suspended the use of the test because it was too sensitive, and separated distributions which looked qualitatively similar. The problem with a strict statistical comparison was that the distributions, although similar, were often scaled differently or had different secondary features. Fig. 6 . ECG data from tapes 200, 4002, and 201. For each set of strips, the bar at the bottom identifies the four-beat observations whose x measure maps to the high probability region of p ( V I x , NNN). 
RESULTS
I ) Nonrandomness
545
had the best Ho rejection rate and was chosen as the standard measure.
examined the distributions for all of the 66 half-hour tapes. Many of the conditional distributions had regions with probabilities much greater than the a priori probability of a VEB. We examined the B,, = V observations corresponding to these regions in order to discover the conditions under which a sequence of beats had an increased chance of being followed by a VEB.
As an example, consider p ( V I x, NNN ), and p ( V 1 x, -NNN ) for tape 200 [see Fig. 5(a) ]. The right-hand tails of these distributions represent extremely rare NNN observations which are always followed by a VEB. From a clinical perspective, one would be extremely interested in knowing more about these rare observations. Fig. 6(a) shows ECG strips which correspond to the right-hand tail of the NNN distributions. The characteristic event always followed by a VEB is an atrial premature beat which sets up a short-long RR,, -,-RR,, -combination. The shortlong transition often starts a run of bigeminy. Since tape 200 shows frequent bigeminy, one might speculate that the short-long interval combination (short N-V, long V-N ) of bigeminy helps make it a stable rhythm. The distributions and ECG data from a tape 4002 show patterns remarkably similar to those of tape 200 [see Figs. 5(d) and 6(b)].
Tape 201 shows unimodal conditional distributions [see Fig. 5(b) ]. The ECG strips corresponding to the peak of p ( V I x , NNN) are shown in Fig. 6(c) . In tape 201, the VEB generation seems to be related to the average value of the RR intervals instead of to sudden changes in the intervals. The ECG strips suggest that VEB generation may be influenced by aberrantly conducted supraventricular beats [see caption for Fig. 6(c) ] . 3) Reproducibility of the Conditional Distributions: In the analysis of the ten-hour ECG's, seven of the 10 tapes showed conditional distributions which were judged to be similar from half-hour to half-hour. The 20 pairs of p ( V I x , NNN ) and p ( V I x , -NNN ) for two of the tapes are shown in Fig. 7 . Also shown is the VEB rate over the 10 h period. While the amplitudes of the distributions were modulated with changing VEB rates, the fundamental shapes of the distributions did not show major changes from half-hour to half-hour.
In the 3 tapes whose distributions were not reproducible over time, the unreproducibility was due either to the absence of a pattern or to marked variability in the pattern from half-hour to half-hour. An interesting feature of the long-term data was that no tape had only one reproducible conditional distribution. In all cases, neither or both of p ( V [ x , NNN ) and p ( V I x , -NNN ) were reproducible.
DISCUSSION
Our studies have looked more closely at the long-term ECG and have developed a novel means of characterizing the activity of the VEB mechanism. Our approach is very different and complementary to the current clinical approach of counting VEB's. The decision to try a fundamentally different method was motivated by the increasing evidence that simple VEB counts have limited utility in assessing VEA.
We represented VEB generation with a conditional distribution because we wanted to avoid specific structural models of the VEB mechanism. The desire for a "modelfree" approach stemmed from our experience-and that of others [23] -that simple models of VEB mechanisms are often poor at accounting for clinically observed VEA patterns. Our present ability to model VEB mechanisms from the ECG is not sufficient to sustain a model-based approach.
We chose to divide the ECG data into half-hour sections because that was the length of the tapes in the MIT-BIH and AHA databases. Subsequent experience suggested that 'shorter records were often adequate, especially for ECG data with higher levels of VEA or with strong patterns in VEB generation (see Fig. 8 ). We can only speculate about an appropriate upper limit on the record length. The temporal evolution of the distributions in Fig. 7 suggests that the upper limit should be on the order of one hour. In general, the selection of the record length is a compromise; the duration has to be long enough to give reliable estimates of the distribution shapes, but not so long as to blur their temporal evolution.
I ) Nonrandomness of Beat Generation: In the first study, we looked for the presence of VEA patterns. The identification of patterns in VEB generation is not new. Patterns such as bigeminy and trigeminy have been observed almost since the inception of electrocardiography. More complex patterns such as the R on T phenomenon [24] , parasystole [25] , [26] , or grouping of beats [14] , [27] have been studied only more recently. What has been lacking, however, is a general appreciation of the extent to which patterns in VEB generation are found in clinical VEA. Our results are the first systematic demonstration that a relationship between preceding beats and the generation of subsequent VEB's is common.
We adopted a statistical definition of a VEA pattern. A pattern was said to be present when the conditional distribution differed significantly ( p < 0.005 ) from the unconditional probability p ( V ) of a VEB. The fact that patterns were more easily found in tapes with a larger number of VEB's suggested that increasing the VEB's increased the "signal level" and increased the likelihood of detecting an existing pattern. Since we only selected tapes with more than one VEB per minute our database was probably biased toward detecting patterns.
The finding that x = f( RR,, -,, RR, -) did not decrease the detection of patterns was valuable since it allowed us to reduce the timing information in RR,, -2, RR,, -to a single variable. This eventually led to the representation of the VEB mechanism by the pair of one-dimensional conditional distributions p ( V I x , NNN ) and p ( V I x ,
2) Examination of the Conditional Distributions:
In the second study, we examined the conditional distributions which represented VEB generation. Previous experimental work on the characteristics of VEB mechanisms (e.g., [26]-[29] ) has shown that VEB generation can frequently take on complicated patterns. It is notable that a VEA representation as simple as p ( V I x , NNN ) and p ( V I x , -NNN ) was able to reveal patterns in so many tapes.
In our studies, p ( V I x , N N N ) and p ( V I x , -NNN) were empirical estimates and had a large intrinsic variance. The adaptive smoothing algorithm helped reduce the variance, but as seen in Fig. 5 , most of the distributions deviate from smooth curves. Given the exploratory nature of our work, we did not address the details of the distribution confidence limits. Instead we chose to focus on the general shapes of the distributions and to make qualitative judgements.
About one-third to one-half of the distributions had relatively simple shapes [e.g., Fig. 5 this allow us to classify the distributions into groups, but it also gave us confidence that the distributions captured relevant properties of the VEB mechanism. Our confidence was further increased by the finding that when the p ( V I x , N N N ) and p ( V I x , -A") shapes were similar, they were also simple. Since it was unlikely for two distributions to reflect the same trend by chance, the tapes with similar p ( V I x , N N N ) and p ( V I x , -N N N ) were probably the ones with a strong and primarily timing-dependent influence on VEB generation. The distributions were found to be a useful guide to the ECG since by their very nature they helped identify observations which were likely to be of clinical interest (see Fig. 6 ). In the future, we hope that the distributions will also be of use in classifying VEA. One might speculate that distributions with simple shapes may serve as a basis for grouping patients in a way which improves the selection or evaluation of therapy. Perhaps the absence of a simple shape [e.g., Fig. 5(f) ] will also be relevant and might indicate a less stable VEB mechanism or a mechanism which is insensitive to timing.
3) Reproducibility of the Conditional Distributions: In the third study, we tested our hypothesis that a stable VEB mechanism should show reproducible VEA patterns over time. Practical limitations restricted us to examining 10 h ECG records. Fig. 7 shows two of the stable sets of p ( V I x , N N N ) and p ( V I x , -NNN ) distributions. The fact that the distribution shapes remained similar from half-hour to halfhour over a wide range of average VEB rates seems remarkable. It is almost as though the optimal conditions for generating VEB's remained unchanged; only the overall sensitivity of the VEB mechanisms was modulated. We considered reproducibility as evidence of a stable underlying VEB mechanism and evidence that the conditional distributions were capable of representing physiologically relevant characteristics of the VEB mechanisms.
CONCLUSIONS
We started with two basic hypotheses about VEB generation and explored them using an approach which, although conceptually simple, represents a significant departure from the current method of counting VEB's. Using the conditional distributions, we have been able to demonstrate previously unrecognized patterns and trends in the generation of VEB's. Our results show that VEB generation can take on preferred modes which are often reproducible over time. This supports the hypothesis of a stable VEB mechanism modulated by physiologic influences.
The success of our approach is probably attributable to two phenomena. First, the parameters RR, -2 , R R n -1 are modulated by many of the same factors which modulate the activity of the VEB mechanism. Hence, changes in RR, -2, RR, -often accompany changes in VEB generation. Second, fluctuations in beat-to-beat timing modulate the electrical properties of the cardiac tissues. The timing dependence of electrical excitability and conduction is most pronounced in damaged cells and in spontaneously active cells. Since the VEB mechanism often incorporates such tissues (e.g., [26]-[29]), naturally occurring fluctuations in timing can bring about noticeable and characteristic changes in the activity of the VEB mechanism. Based on our preliminary experience, we believe that p ( V I x , NNN ) and p ( V I x , -NNN ) can capture physiologically relevant information about the VEB mechanism. It is our hope that these conditional distributions will help us classify VEA in a way which aids with the selection or evaluation of therapy.
APPENDIX
Distributions of the form p ( x ) were estimated using the following algorithm. Let { x i : i = 1 , * -* , N 1 be the set of observed x values ordered from smallest to largest. The empirical probability distribution for x is defined by The function h ( x i , N ), which determines the size of k ( x , h), is strongly data dependent. It is determined at each value of xi through a procedure which is bounded by the parameters h,,, and nnom where and n,,, = f i .
The value of h ( x i , N ) at xi is defined as the largest h which satisfies the following three constraints:
[ x i , xi + h] is not greater than n,,,
[xi -h, x i ] is not greater than nnom, and 1) the number of observations in the interval 2) the number of observations in the interval 3) h is not greater than hmaX.
The role of nnom is to ensure that the estimate of xi is based on an x neighborhood which includes a reasonable number of points; the role of h,,, is to ensure that the neighborhood does not become so large as to smear out the distribution. It can be shown that the estimate @ ( x i ) given by (A2) is asymptotically consistent for any continuous p ( x ) .
Conditional distributions of the form p ( V 1 x ) were estimated using the relationship Written in this form, @( V I x ) is the ratio of two one-dimensional distributions, both of which can be estimated using (A2). The distribution p ( x ) is estimated using all x values; the distributionfi ( V, x ) is estimated using the only x values from observations in which the fourth beat is a I/. In estimating $( V, x i ) , the value of h ( x i , N ) is taken to be the same as that which was used in computing the estimate $( x i ) .
We selected the adaptive smoothing approach because we did not know at the outset of the study what x axis resolution would be required. We chose increased computational complexity rather than risk smoothing out possibly relevant features of the distributions with a fixedwidth kernel. All the distributions shown here were computed using an adaptive kernel. Our experience since this study has shown that a fixed kernel algorithm is usually adequate.
